UDP-galactose-'4C, uniformly labeled in the galactose moiety, and UDP-glucose-l4C, uniformly labeled in the glucose moiety, were purchased from New England Nuclear. UDP-galactose-'2C was purchased from Calbiochem. UDP-glucose-12C was purchased from Pabst. Silica Gel G was obtained from Brinkman and silicic acid (Bio-Sil A, 100-200 mesh) was obtained from Calbiochem.
is the precursor of the acylated steryl glucoside. The effect of pH on the over-all reaction and analysis of the reaction products suggest that the glucosylation of the sterol has a pH optimum of 8 to 9, and the pH optimum for the acylation of the steryl glucoside is 6.3 to 7. The synthesis of steryl glucoside and acylated steryl glucoside, catalyzed by acetone powders of pea root mitochondria, is stimuated by added sitosterol and stigmasterol.
roots utilized the sugar moiety of UDP-galactose for the synthesis of two glycolipids, neither of which was a galactosyl diglyceride. These compounds have been identified as steryl glucoside and an acylated steryl glucoside, and this paper describes the characteristics of the enzymic synthesis in four different plants.
EXPERIMENTAL PROCEDURE MATERIALS
Spinach (Spinacia oleracea L. var. Bloomsdale) was grown in the University greenhouses. Peas (Pisum sativum L. var. Alaska) were grown in vermiculite at 25 C. Avocado fruits (Persea americana Mill. var. Fuerte) were harvested from the University orchards or obtained from local markets. Cauliflower (Brassica cauliflora Gars.) was purchased from local markets.
UDP-galactose-'4C, uniformly labeled in the galactose moiety, and UDP-glucose-l4C, uniformly labeled in the glucose moiety, were purchased from New England Nuclear. UDP-galactose-'2C was purchased from Calbiochem. UDP-glucose-12C was purchased from Pabst. Silica Gel G was obtained from Brinkman and silicic acid (Bio-Sil A, 100-200 mesh) was obtained from Cal- biochem.
Steryl glucosides have been known to exist in plants for some time (21) , but the existence of acylated steryl glucosides has been recognized only recently (15) . The acylated steryl glucosides have since been studied by Kiribuchi et al. (13, 14) , and. some aspects of their biosynthesis have been described by Hou et al. (10, 11) and Kauss (12) . Eichenberger and Menke (5) have made a study of the distribution of free sterols, steryl glycosides, and steryl esters in the subcellular fractions of leaves. They discovered that although half of the leaf lipid was localized in the chloroplast, only one quarter of the total leaf sterol was found in this subcellular organelle. The sugars found in the steryl glycosides were glucose and mannose, and the fatty acid found in the steryl esters was palmitic acid (5) . No further information appears to be available concerning the subcellular distribution, and no physiological function has been ascribed to the free sterols and sterol derivatives in plants.
In an earlier investigation on the biosynthesis of galactolipids in plants (20) , we discovered that enzyme preparations from pea 2Present address: Department of Biology, Hacettepe University, Ankara, Turkey.
METHODS
Preparation of Pea Root Mitochondrial Fraction. Pea seeds were soaked for 16 hr in water before being planted in trays of wet vermiculite. Germination and growth took place in darkness for 5 to 6 days, and the trays were then transferred to light (14 hr of illumination per day). The plants were normally harvested 10 days after germination. The roots were taken and washed with distilled water and then cut -into small pieces. The roots (e.g., 30 g) were ground with mortar and pestle in cold 0.5 M sucrose which was 0.01 M with respect to phosphate buffer, pH 7.4 (e.g., 30 ml). The homogenate was filtered through cheesecloth and then centrifuged at 1,OOOg for 2 min. The pellet was discarded and the supematant centrifuged at 18,000g for 15 min. The pellet was resuspended in the sucrose-phosphate solution used for homogenization and the pellet was centrifuged down again at 18,000g. This washed pellet was resuspended in 0.01 M tris-HCl buffer, pH 7.4 (e.g., 6 ml), with the aid of a glass Potter-Elvehjem homogenizer.
Preparation of Spinach Chloroplast Fraction. Spinach was taken from the greenhouse, and the leaves were washed with distilled water. Petioles and midribs were removed, and the remainder of the leaves (e.g., 30 g) were ground with a mortar and pestle in cold 0.5 M sucrose, 0.01 M with respect to phosphate buffer, pH 7.4 (e.g., 30 ml). The homogenate was filtered through four layers of cheesecloth, and this filtrate was centrifuged at 200g for 2 min. The pellet was discarded, and the supernatant was centrifuged at lOOOg for 7 min. The supernatant was carefully removed, and the pellet was homogenized in 0.1 M tris-HCl, pH 7.4 (e.g., 5 ml). Chlorophyll concentration averaged 2 mg/ml. Preparation of Cauliflower Mitochondrial Fraction. Cauliflower inflorescence was separated from stem material and passed through a kitchen grater. The grated material (e.g., 20 g) was ground in a mortar and pestle with sucrose-phosphate and centrifuged as described for the preparation of the pea root mitochondrial fraction. The Chlorophyll concentration was less than 0.01 mg/ml.
Reaction Conditions. Radioactive UDP-galactose or UDPglucose or both were incubated with the enzyme source and buffer (normally tris-HCl, pH 7.5) for 60 min at 30 C in glass-stoppered centrifuge tubes. At the end of the reaction period the reaction mixture was extracted according to the procedure of Bligh and Dyer (2) . The incorporation of hexose into lipid was measured by taking an aliquot of the chloroform layer and measuring its radioactivity in either a thin window gas flow counter (NuclearChicago) or a liquid scintillation counter (Nuclear-Chicago).
Preparation of Acetone Powder of Pea Root Mitochondria.
Mitochondria were prepared from 300 g of pea roots as described above. The mitochondrial preparation in 9 ml of 0.1 M tris-HCl, pH 7.5, was added dropwise to 81 ml of stirred acetone at -20 C. The suspension was filtered by use of a Buchner funnel with suction, and the powder was then transferred to a desiccator and stored under vacuum at -20 C. The dried powder weighed 300 mg.
For enzymic assay the acetone powder was suspended in 0.05 M tris-HCl, pH 7.5: 20 mg of acetone powder per ml of buffer.
When lipids were added back to the acetone powder, the procedure followed was that described previously (20) tion with UDP-galactose as described in "Experimental Procedure." In the experiment shown in Figure 1 , the radioactive lipid (40,000 cpm) was added to 300 mg of lipid extracted from cauliflower mitochondria to act as carrier. The lipid mixture was taken through a preliminary purification procedure by chromatographing it on a silicic acid column (1.2 X 24 cm), washing the nonradioactive lipids off first with 50 ml chloroform. Elution was continued with 10%c methanol in chloroform, and 10-ml fractions were collected. The radioactive steryl glucoside and acylated steryl glucoside were eluted in fractions 3 to 5 (30-50 ml), and the major parts of the phospholipids were left on the column. Recovery in this step was quantitative. The radioactive samples were combined and concentrated and added to a multibore column (7) having the dimensions 15 X 0.8, 15 x 0.6, and 15 X 0.4 cm. This column contained 6 g of silicic acid. Elution was started with methanol-chloroform, 2:98, v/v, and fractions were collected for 40 ml. The elution solvent was changed to methanol-chloroform, 5:95, v/v, for 30 ml. The elution sequence and radioactivity as determined on aliquots of the fractions are shown in Figure 1 .
Both samples gave a positive Liebermann-Burchard test indicating the presence of sterol. Both samples contained the radioactive sugar. The sugar component was released by hydrolysis in N methanolic HCI (50:50, v/v) for 60 min at 100 C and chromatographed on paper in the solvent system phenol-H20 (100:38, v/v). The sugar was always found to be glucose regardless of the supply of UDP-glucose or UDP-galactose to pea root mitochondria.
When the samples obtained from the column were subjected to alkaline hydrolysis in 0.2 N NaOH in 90% methanol for 2 hr at 40 C, the compound eluted from the column with 2% methanol in chloroform was converted to a compound chromatographically indistinguishable from the compound eluted from the column with 5S%U methanol in chloroform. The latter compound was not changed by mild alkaline hydrolysis. These results indicate the former compound to be acylated steryl glucoside and the latter to be steryl glucoside. A sample from the acylated steryl glucoside Table I . Utilization of UDP-Glucose and UDP-Galactose int Lipid Synthesis by Different Planit Preparations Reaction conditions: Experiment 1: Reaction mixture (in duplicate) contained 0.6 ml of avocado mitochondrial suspension (3.8 mg of protein), 1 mumole of UDP-galactose-'4C (24,000 cpm) or 1 m,umole of UDP-glucose-14C (22,000 cpm) or both; volumes were made up to 0.8 ml with 0.1 M tris-HCl, pH 7.5, where necessary. Incubation was for 60 min at 30 C.
Experiment 2: Reaction mixtures were as for Experiment 1 except for the use of 0.6 ml of cauliflower mitochondrial preparation (4.9 mg of protein).
Experiment 3: Reaction mixtures contained 0.1 ml of spinach chloroplast suspension (0.22 mg of chlorophyll, 1.3 mg of protein), 1 muAmole of UDP-galactose-14C (24,000 cpm) or 1 m,umole of UDP-glucose-14C (28,000 cpm) or both; volumes were made up to 0.8 ml with 0.1 M tris-HCl, pH 7.5. Incubation was for 60 min at 30 C.
Experiment 4: Reaction mixtures were as for Experiment 3 except that 0.6 ml of a suspension of pea root mitochondria (4.0 mg of protein) was used as the enzyme source. Volumes were made up to 0.8 ml with 0.1 M tris-HCl, pH 7.5, where necessary.
In all cases the lipids were separated by two-dimensional thin layer chromatography. The radioactive areas were detected by radioautography. The radioactive areas were scraped off and counted in a scintillation counter. The purified acylated steryl glucoside was chromatographed in the two-dimensional system (see "Experimental Procedure") and the plates were exposed to x-ray film. After the film had been developed and showed a single spot of radioactivity, the plate was sprayed with a freshly prepared solution of acetic anhydride-H2S04 (10:1, v/v). A blue-green spot developed, which was coincident with the radioactivity. Table I show there is considerable interconversion of the sugars. In the case of pea root mitochondria, no galactolipid was formed even when the hexose donor was UDP-galactose (Table I, Fig. 2a ). In the case of cauliflower mitochondria, galactolipids are not formed when UDP-glucose is supplied, but steryl glucosides are formed from UDP-galactose (Table I) Figure 3 . In terms of total incorporation, the formation of acylated steryl glucoside shows a slight lag period. When Table I . a: Pea root mitochondria (Experiment 4); b: spinach chloroplasts (Experiment 3). From left to right the photographs are for the metabolism of UDP-glucose-14C, UDP-galactose-14C, and both, respectively. The origin is at the lower left in each chromatogram.
glucoside is the precursor of the acylated sterol glucoside (Fig. buffer. When the distribution of radioactivity was measured, it 3b). was found that the incorporation into steryl glucoside was favored Dependence of Steryl Glucoside and Acylated Steryl Glucoside at the more alkaline pH levels. The optimal pH for the transfer of Synthesis on pH. The results presented in Figure 4 show that tris glucose from UDP-glucose to sterol is probably between 8 and 9. buffer is superior to phosphate buffer as a medium for measuring On the other hand, the acylation of the steryl glucoside is favored the incorporation of glucose into the mixture of steryl glucosides. by lower pH levels, with an optimum between 6.5 and 7. The veriAt pH 7.5 there was twice as much incorporation in the presence fication of these pH dependencies will require separate study of of tnis-HCl as opposed to phosphate. The Acylated Steryl Glucoside. Under the experimental conditions used in obtaining the data shown in Figure 5 , incorporation of glucose into the steryl glucosides was inhibited at temperatures higher than 30 C. Over the temperature range between 20 and 50 C there is little change in the percentage distribution of the glycolipids synthesized. There is a tendency at the temperature of 60 C for the synthesis of the steryl glucoside to be favored. Among the galactolipids synthesized, the synthesis of monogalactosyl diglyceride appears to be favored at higher temperatures, in agreement with results obtained when UDP-galactose was used as precursor (17 (7) procedure. An aliquot of the chloroform phase was dried on a planchet and counted with a thin window gas flow counter. The remainder of the lipid sample was chromatographed in two directions on a thin layer plate (see "Experimental Procedure"). The radioactive areas were located by radioautography, and then they were scraped off and counted in a scintillation counter. a: Total counts in steryl glucoside (0) and acylated steryl glucoside (a); b: percentage distribution of the incorporated radioactivity. steryl glucoside and a new compound which chromatographed close to the unacylated steryl glucoside. This new compound may also be a steryl glucoside but may differ from the endogenous steryl glucoside in the sterol moiety and hence the chromatographic properties (Fig. 6) . DISCUSSION Kiribuchu et al. (13) o S > , . (8, 9) . These analyses are the first quantitative analyses taking into account the four forms of sterols, and they raise intriguing problems as to the physiological functions of sterols and their derivatives in plant tissues.
The biosynthesis of steryl glycosides and acylated steryl glycosides has only recently come under study. Hou et al. (10, 11) have followed the work of characterization of the forms of sterol in soybeans (13, 14) , with an examination of steryl glucoside synthesis by a particulate fraction from immature soybean seeds. The reaction mixture contained 3-sitosterol and UDP-glucose-lC, and the standard incubation was for 5 hr at 30 C. Both steryl glucoside and acylated steryl glucoside were found as radioactive products. Kauss (12) has studied the formation of steryl glucoside and acylated steryl glycoside catalyzed by a particulate enzyme preparation from mung bean shoots. Eichenberger and Newman 261 :.LIA .la (6) have also studied the biosynthesis of steryl glycoside and acylated steryl glycoside. Their investigation was the consequence of the discovery of Newman (19) that the metabolism of UDPglucose-t4C by lettuce leaves produced two glycolipids, neither of which was a galactosyl diglyceride. Eichenberger and Newman (6) have now identified these lipids as steryl glycoside and acylated steryl glycoside. When leaf discs of various plants were incubated for 24 hr with UDP-galactose-14C, it was found that in most cases and especially in the case of lettuce, the synthesis of the steryl glycosides exceeded the synthesis of galactolipids. The experiments of Neufeld and Hall (18) showed that spinach chloroplasts incorporated galactose from UDP-galactose into galactolipids and a number of other compounds. We have confirmed and extended their observations (20) , but it now seems most likely that the incorporation of glucose from UDP-glucose, observed by Neufeld and Hall (18) , was more into steryl glycosides rather than galactolipids.
The results in this report show that when UDP-galactose is the sugar donor, spinach chloroplasts make galactolipid predominately. The finding of Eichenberger and Newman (6) that UDP-galactose supplied to spinach leaf discs gives rise mostly to steryl glycosides may be attributed to the different properties of the intact cells and to their longer period of incubation. It may be noted also that they used phosphate buffer in their experiments, which we have found to be rather inhibitory.
Albersheim and co-workers (23) have observed the formation of a glycolipid, probably steryl glycoside, during measurements of incorporation of sugars into polysaccharides. Pinsky and Ordin3 have made the same observation while studying cellulose synthesis in cell-free preparations of Avena coleoptile. In the latter case the observation has been made that digitonin strongly inhibits the lipid synthesis, possibly by removing the endogenous sterol acceptor.
Results reported in this paper on the identification of the steryl glucoside and the acylated steryl glucoside are in good agreement with previous identifications (6, (12) (13) (14) (15) . Indications of a precursor-product relationship between the steryl glucoside and acylated steryl glucoside have been obtained, and this aspect is now under study. Further characterization of the two enzymic steps will depend on the purification and possible solubilization of the enzymes. The work on acetone powder preparations described in this paper appears to be a promising start to the separation of the enzymes from the endogenous acceptor, so that future studies can elucidate the structural requirements for sterol. The enzyme preparation studied by Kauss (12) was not stimulated by added sterol. Our results are in agreement to the extent that dependency on added sterol could not be demonstrated until the enzyme preparation was treated with acetone. In contrast, Hou et al. (10, 11) found that their enzyme preparation was stimulated by added sterol without extraction of endogenous lipid.
Although previous reports have recognized the biosynthesis of steryl glucoside and acylated steryl glucoside from UDP-glucose (11, 12) , no attention has been paid previously to the proportions of these two compounds under different reaction conditions and with enzyme preparations from different sources. Kauss (12) found the pH optimum for glucose incorporation to be 6.3 to 6.6, whereas Hou et al. (11) reported it to be pH 8. Our analysis of 3 Personal communication.
reaction products indicates that the pH optimum for the glucosylation is 8 to 9 whereas that for the acylation is 6.5 to 7. The fact that the pH-activity curves for phosphate and tris buffers do not agree at overlapping pH values may have been overlooked by Hou et al. (11) . The variation in products is quite great depending on enzyme source and substrate. Pea root mitochondria make no galactolipid either from UDP-glucose or UDP galactose, and a rapid conversion of UDP galactose to UDP glucose is indicated. Cauliflower mitochondria and avocado mitochondria also convert some hexose from UDP-galactose into steryl glycosides while the incorporation of hexose from UDP-glucose into galactolipids is slight. In the case of spinach chloroplasts, there appears to be little interconversion of the nucleotide sugars.
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